Effective fractionation^[@R8]-[@R10]^ is critical for sample handling prior to MS-based proteomics. To date, no fractionation procedure for intact proteins can match the resolution of two-dimensional gel electrophoresis (2D gels). Here we use a liquid phase alternative to 2D gels that bypasses both their low recovery and extensive workup steps prior to MS^[@R11]^. This procedure for two-dimensional liquid electrophoresis (2D-LE)^[@R12]^ is comprised of solution isoelectric focusing (sIEF) followed by gel-eluted liquid fraction entrapment electrophoresis (GELFrEE)^[@R13]^ for fractionation by protein isoelectric point and size, respectively ([Fig. 1a,b](#F1){ref-type="fig"}). Combining these with nanocapillary liquid chromatography and mass spectrometry (LC-MS) ([Fig. 1c](#F1){ref-type="fig"}) for both low^[@R14]^ and high molecular weight proteins^[@R15]^ results in an overall 4D separation of whole protein molecules prior to ion fragmentation by tandem MS and protein identification.

Using the 4D platform described above, we generated a quasi-2D gel perspective of the human proteome with extremely high molecular detail ([Fig. 2a](#F2){ref-type="fig"}) from individual replicate analyses of nuclear and cytosolic extracts of HeLa S3 cells ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). In discovery mode, the IEF-GELFrEE-nanocapillary LC platform used 0.5 - 1 mg of input protein and provided a peak capacity of well over 2,000 for separation of protein molecules in solution. Considering the separation power of the mass spectrometer, the peak capacity of the 4D system is \>100,000 for proteins below \~25 kDa ([Supplementary Information](#SD1){ref-type="supplementary-material"}). This is 20-fold higher than the peak capacity for high resolution 2D gels (\<5,000). Identification and characterization of isoforms were achieved using fragmentation data acquired with \<10 part-per-million mass accuracy for searching databases with highly annotated primary sequences^[@R16]^. Using tailored software^[@R17]^, we overcame the "protein inference problem" where identification ambiguity results when isoforms (*e.g.*, from members of a gene family or alternative splicing) produce many identical tryptic peptides^[@R2],[@R18]^. The databases and search engine used here are fully compatible with the UniProt flat file format and enable a deep consideration of known post-translational modifications (PTMs), alternative splice variants, polymorphisms, endogenous proteolysis, and diverse combinations of all these sources of molecular variation at the protein level^[@R16]^. Together with the careful curation of the Swiss-Prot database^[@R6]^, the result is an informatics framework that maps each given protein identification to a single gene (except in rare cases like ubiquitin where multiple genes can produce the identical sequence). Extended details on statistical analysis are provided in the **Methods** section.

A total of 1043 proteins were identified with unique Swiss-Prot accession numbers in this study ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). These identifications originate from 1,045 human genes, 77% of whose protein products displayed N-terminal acetylation. The distribution of *q-values*, which indicates the confidence of protein identifications (see **Methods**), is shown in [Fig. 3c](#F3){ref-type="fig"}. This level of proteome coverage represents the most comprehensive implementation of top down MS to date, with a \~10 fold increase in identifications of intact proteins for any microbial system^[@R19]-[@R21]^ and a \>20 fold increase over any prior work in mammalian cells^[@R14],[@R22]^ ([Fig. 3a](#F3){ref-type="fig"}). In addition, fragmentation evidence for 3,093 protein isoforms/species was captured in this initial report ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}), with PTMs detected as follows: 645 phosphorylations, 538 lysine acetylations, 158 methylations, 19 lipid/terpenes, and 5 hypusines. Over 400 species were attributed to core histones alone. Comparisons of predicted protein hydrophobicity and isoelectric point showed minimal bias versus that expected for the human proteome ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}).

Using an orthogonal method to detect PTMs based on intact mass values^[@R17]^, we detected pairs of protein species showing characteristic mass differences ([Fig. 2b](#F2){ref-type="fig"}). For proteins \<20 kDa, 225 pairs showed mass differences consistent within 0.05 Da with mono-methylation, 185 with di-methylation, and 122 with tri-methylation/acetylation. Other mass differences revealed 87 cases consistent with double acetylation, 140 with mono-phosphorylation, and 100 with di-phosphorylation events ([Fig. 2b](#F2){ref-type="fig"}). Using this set of mass differences on the entire HeLa data set for all isotopically-resolved proteins, a total of 2,130 such mass shifts were found.

Complete characterization of a protein requires the theoretical and experimental mass values to match within error. For the 1,043 proteins identified, 431 and 331 were identified with intact mass information from either isotope spacings or deconvolution of charge states, respectively. Of these data, 54% of the isotopically-resolved proteins matched the species identified from the database within 2 Da ([Supplementary Fig. 3a](#SD1){ref-type="supplementary-material"}). Likewise, 130 of 331 of the masses determined by deconvolution were manually determined to be of high quality and 51% of these matched within 200 Da ([Supplementary Fig. 3b](#SD1){ref-type="supplementary-material"}). The protein species outside these windows are clearly identified by fragmentation, but harbor unexplained mass discrepancies (Δ*m's*) at this time. The complete explanation of Δ*m's* in the human proteome motivates future refinements in data acquisition to obtain enough MS/MS information on all the protein isoforms/species.

Major functional differences can exist among protein isoforms in a family, making their precise identification a major boost in the information content of proteomic analyses in higher eukaryotes. An intact protein mass and matching fragment ions from both termini are usually sufficient to accomplish a gene-specific identification^[@R4],[@R17]^. Here, 9 of the \~15 isoforms of histone H2A were fully characterized in an automated fashion despite their \>95% sequence identity (including the H2A.Z and H2A.X variants) with an additional three having Δ*m's* \>1 Da (H2A type 1-D, 2-C, and 2-B). Also identified were nine S100 proteins, several alpha and beta tubulins, 7 unique isoforms of human keratin (a widely known contaminant in proteomics), MLC20, BTF3, and their related sequences (which are 97% and 81% identical, respectively [Supplementary Fig. 4 and 5](#SD1){ref-type="supplementary-material"}), and over 100 isoforms/species from the HMG family (*e.g.*, [Fig. 4](#F4){ref-type="fig"}). Significant improvements for top down proteomics in discovery mode were made for proteins in the 40--110 kDa range ([Fig. 3d](#F3){ref-type="fig"}), including extensive characterization of GRP78, a 70.6 kDa heat shock protein (\>12 fragment ions mapping to each terminus, [Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}), and identification of several proteins \>90 kDa, such as P33991 and Q14697 at 97 and 104 kDa, respectively ([Supplementary Table 2](#SD1){ref-type="supplementary-material"}).

Since the 2D-LE platform makes use of SDS extensively, we anticipated reduced bias against integral membrane proteins. In all, 32% of the 1,043 total identifications from HeLa cells were membrane-associated proteins (GO:0016020), with 62% of these annotated as integral membrane proteins (GO:0016021, [Supplementary Table 4](#SD1){ref-type="supplementary-material"}). A more focused study of a mitochondrial membrane fraction (see **Methods**) used chromatographic procedures modified for enhanced separation of membrane proteins. We identified an additional 46 integral membrane proteins ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}) from a single 3D experiment (no isoelectric focusing). Detailed inspection of the species that eluted from the column during LC-MS revealed proteins with a distribution of 1--11 transmembrane helices ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}). This shows a broad applicability of this study and will drive further efforts to detect full-length isoforms of membrane proteins^[@R23]^.

As part of our study of the HeLa proteome, cells were treated with etoposide to elicit the DNA damage response (see **Methods**), followed by 4D fractionation and top down tandem MS. Using Gene Ontology (GO) analysis, we annotated all 4D identifications according to cell compartment ([Fig. 3b](#F3){ref-type="fig"}) or biological process ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). Many proteins detected were involved in cell cycle regulation and apoptosis, including nine that interact with PCNA during repair of DNA damage ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}). Also, several proteins involved in the Fanconi anemia pathway were identified including FANCE, RAD51AP1, RAD23B, and RPA3, with the latter two completely characterized ([Supplementary Table 5](#SD1){ref-type="supplementary-material"}). Several CDK inhibitors were found, such as p27^Kip1^ (CDKN1B) and p16^INK4a^ (CDKN2A), T53G1, and the protein product from a target gene of p53 (Q9Y2A0, p53-activated protein 1).

Using the 3D fractionation approach (*i.e.*, GELFrEE-nanocapillary LC-MS) to readout phosphorylation stoichiometry with high fidelity ([Supplementary Information](#SD1){ref-type="supplementary-material"} and [Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}), we monitored 17 phosphoprotein targets across three time points at three different concentrations of etoposide ([Supplementary Table 6](#SD1){ref-type="supplementary-material"}). We found increases in the occupancy of phosphorylation in H2A.X-pSer139 (γH2A.X) after treatment with 25 µM or 100 µM etoposide for 1 h ([Supplementary Fig. 10](#SD1){ref-type="supplementary-material"}). After a 24 h recovery from treatment, a return to basal levels of phosphorylation of γH2A.X was found, consistent with engagement of the DNA-repair machinery^[@R24]^. Further, we observed a strong correlation between the phosphorylation stoichiometry of γH2A.X determined by MS with the results from immunofluorescence and western blotting run in parallel ([Supplementary Fig. 10a--c](#SD1){ref-type="supplementary-material"}).

In separate studies we tracked over 2,300 species (from 690 proteins) in H1299 cells ([Supplementary Table 7](#SD1){ref-type="supplementary-material"}) and 2,300 species (from 708 proteins) in B16F10 melanoma cells ([Supplementary Table 8](#SD1){ref-type="supplementary-material"}) in the days after a 24 h treatment with camptothecin or 5 h of etoposide, respectively, using only the 3D fractionation approach. After induction of DNA-damage, we also monitored the classic hallmarks of stress-induced senescence in H1299^[@R25]^ and B16F10^[@R26]^ over several days ([Supplementary Fig. 11a--c](#SD1){ref-type="supplementary-material"}), including cell enlargement and formation of Senescence Associated Heterochromatic Foci (SAHFs) ([Supplementary Fig. 11d--f](#SD1){ref-type="supplementary-material"}). While levels of γH2A.X remained the same as in control cells, a striking upregulation in methylated forms of di- and tri-phosphorylated HMGA1a, but not of its splice variant HMGA1b was observed as both B16F10 and H1299 cells entered stress-induced senescence ([Fig. 4](#F4){ref-type="fig"} and [Supplementary Fig. 11g--l](#SD1){ref-type="supplementary-material"}).

Full descriptions of the fragmentation data for two multiply-modified species of HMGA1 are presented in [Supplementary Fig. 12](#SD1){ref-type="supplementary-material"}. In mapping these species, the hierarchy of phosphorylations on HMGA1a was determined for control cells to be Ser101 and Ser102 occupied in the 2 Pi form and evidence for the third site pointing predominantly toward pSer98. The 3P~i~ and 4P~i~ forms both showed some occupancy for pSer43 (data not shown), a site only available in the splice region specific to the HMGA1a variant ([Supplementary Fig. 12](#SD1){ref-type="supplementary-material"}). For day 5 in senescent H1299 cells, the effect on methylation was particularly dramatic, with both the mono- and di-methylated species (also harboring multiple phosphorylations) reproducibly increased to be \>80% of the total signal for species from the *hmga1* gene ([Fig. 4](#F4){ref-type="fig"} and see [Supplementary Fig. 13](#SD1){ref-type="supplementary-material"} for biological replicates). The methylation site was localized precisely to Arg25 ([Supplementary Fig. 12](#SD1){ref-type="supplementary-material"}), consistent with prior work on HMGA1 proteins^[@R27]^. A similar response for methylated HMGA species has been observed in damaged cancer cells undergoing apoptosis^[@R27],[@R28]^ but the B16F10 and H1299 cells prepared here were clearly senescent as measured by Annexin V staining and FACS analysis through day 6 (data not shown). As Arg25 is in the first AT-hook DNA-binding region (residues 21--31), it is possible that the R25me1 and R25me2 marks perturb DNA-kinking and allows HMGA1a to be preferentially incorporated into SAHFs^[@R29]^ during accelerated cellular senescence. Other changes in bulk chromatin were also notable, such as hypoacetylation on all core histones, increased levels of H3.2K27me2/3, and decreased H3.2K36me3.

The sharp increase in proteome coverage demonstrated here provides a path ahead for interrogating the natural complexity of protein primary structures that exist within human cells and tissues. Since this is the first time top down proteomics has been achieved at this scale, an early glimpse at the prevalence of uncharacterized mass shifting events has been revealed in the human proteome. With faithful mapping of intact isoforms on a proteomic scale, detecting covariance in modification patterns will help lay bare the post-translational logic of intracellular signaling. Also, proper speciation of protein molecules offers the promise of increased efficiency for biomarker discovery through stronger correlations between measurements and organismal phenotype (*e.g.*, a particular isoform of apolipoprotin C-III and HDL/LDL levels in human blood^[@R7]^). Technology for intact protein characterization could also become a central approach to focus an analogous effort to the human genome project -- to provide a definitive description of protein molecules present in the human body^[@R30]^.

Methods Summary {#S2}
===============

For large scale global analysis, HeLa S3 cells were prefractionated using custom 2D-LE platform, comprised of sIEF coupled to multiplexed GELFrEE^[@R12],[@R13]^. HeLa S3, H1299, B16F10 cells, and mitochondrial membrane proteins were also fractionated using the custom GELFrEE^[@R13]^ device alone (no sIEF). After separation, detergent and salt were removed, and the fractions were injected into nanocapillary RPLC columns for elution into a 12 Tesla LTQ FTMS for online detection and fragmentation^[@R14],[@R15]^. The MS RAW files were processed with in-house software called [crawler]{.smallcaps} to assign masses. Using this program, determination of both the intact masses and the corresponding fragment masses were performed and these data were searched against a human proteome database. Extensive statistical workups were also performed using several FDR estimation approaches (with decoy databases both concatenated and not). A final *q-value* procedure is described in detail (**Methods**), with the data above reported using a 5% instantaneous FDR (*i.e.*, *q-value*) cutoff at the protein level ([Supplementary Fig. 14](#SD1){ref-type="supplementary-material"}).

Supplementary Material {#SM}
======================

**Full Methods** and any associated references are available in the online version of the paper at [www.nature.com/nature](http://www.nature.com/nature).

**Supplementary Information** is linked to the online version of the paper at [www.nature.com/nature](http://www.nature.com/nature).
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![Schematic of the four dimensional (4D) platform for high resolution fractionation of protein molecules. Schematics (**top**) and photographs (**middle**) are shown for (**a**) a custom device for solution isoelectric focusing (sIEF), (**b**) a custom device for multiplexed gel eluted liquid fraction entrapment electrophoresis (mGELFrEE), and (**c**) reversed phase chromatography (RPLC) coupled t o M S. Representative 1D gels of fractions collected from the two electrophoretic devices are shown below their pictures; note the resolution attainable at the level of intact proteins. The combined resolution of RPLC with Fourier-Transform Mass Spectrometry (FTMS) is depicted by the chromatogram along with selected isotopic distributions for protein ions measured during the run.](nihms325382f1){#F1}

![Two visual representations of proteome-scale runs. (**a**) The heat map is generated from combined 4D runs of nuclear and cytosolic extracts. Intact mass and pI values are indicated on the y-axis and x-axis respectively. Each box in the grid displays total ion chromatograms from LC runs of 2D-LE fractions plotted as time vs. neutral intact mass. The MS intensity is indicated by color (legend on **top left**). Representative precursor scans were extracted from the heat map for ESI-MS spectra of high (1), medium (2), and low (3) mass proteins, along with their identifications from online fragmentation **(insets at bottom)**. (**b**) Plot created from selective display of protein pairs with mass differences consistent with acetylation (yellow), phosphorylation (red), and methylation (green), with three and two protein species shown as examples in insets (4) and (5), respectively.](nihms325382f2){#F2}

![Proteome analysis metrics associated with this study. (**a**) Graph showing the striking increase in identifications from previous studies achieved in archaeal, bacterial, yeast or human systems. (**b**) A gene ontology analysis for the identifications in this study. (**c**) Histogram showing the distribution of *q-values* for the identified proteins. (**d**) Plot showing the molecular weight distribution for the unique identifications obtained. The line graph depicts the theoretical molecular weight distribution for the human proteome (Swiss-Prot, *Homo sapiens*, 20223 entries).](nihms325382f3){#F3}

![Monitoring dynamics of HMGA1 isoforms during senescence in B16F10 and H1299 cells. After induction of DNA damage by transient treatment with camptothecin for H1299 cells or etoposide for B16F10, progression of accelerated senescence was monitored by SA-β-Gal (**a--b**) or DAPI staining (**c**-**d**) over the specified recovery period. Changes in modification profiles on HMGA1a (**e--f**) and HMGA1b (**g--h**) from B16F10 showed mild increases in phosphorylation occupancy but a significant increase in methylation levels on multiply-phosphorylated species. A more striking increase in both methylation and phosphorylation was observed in senescent H1299 cells (**i--j**). No such methylations were observed in the HMGA1b profiles for either cell line.](nihms325382f4){#F4}
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